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Introduction
Mass and energy balances are fundamental process models adopted by engineers in many disciplines and contexts, such as force and momentum balances used by civil and mechanical engineers, heat-work relationships used by chemical engineers, and fate and transport modeling used by environmental engineers. These processes are sometimes referred to as "stocks and flows problems." Each of these processes is related to a particular flow of mass or energy that may accumulate within a given boundary over time. To model such a flow, one must invoke the fundamental theorem of calculus, which relates differential calculus (i.e., the rate of change of a function) with integral calculus (i.e., the accumulation of quantities within a particular boundary). The conceptualization of rate and change processes can be understood as a pivotal aspect of early engineering education.
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Engineering students must be able to interpret the complexities of rate and accumulation processes within real systems. For instance, sustainable development requires a "systems thinking" approach to the design of engineered systems, and stocks and flows problems are central to the dynamics of complex systems. Thus, for students to improve their ability to learn about and manage complex systems, they must have a strong conceptual understanding of calculus fundamentals, and then be able to interpret how these fundamentals are associated with real world phenomena in various contexts. Unfortunately, research shows that most people's intuitive understanding of stocks and flows is poor 1, 2 , and engineering student misconceptions related to rate and accumulation processes has been known for some time 3 . Students may form misconceptions of rate and accumulation processes for numerous reasons. For example, certain focusing phenomena used in the classroom have been linked to students incorrectly generalizing slopes as differences in quantities rather than ratios 4 .
Assessing engineering students' conceptual understanding of fundamental processes before a course begins can provide instructors with valuable feedback. Concept inventories are assessment instruments that have been used in several math, science and engineering disciplines as a way to provide reliable and valid assessment of students' misconceptions. While some of these inventories include questions to assess student understanding of particular rate and accumulation processes, they tend to be context-specific. The Rate and Accumulation Concept Inventory (RACI) was designed in part to address the need for an assessment tool which would be able to measure the degree to which a student's misconceptions of rate and accumulation processes is related to mathematical understanding vs. the contextual understanding of a particular process. This paper describes the development of the RACI. We begin with a brief summary of past exploratory work, which demonstrated the need for the inventory. This is followed by a discussion of the development of the categories and questions included in the RACI. Results from a pilot test were used to assess (1) the level of improvement for question sets and concept categories after course instruction, (2) student confidence in answering question sets, (3) relationships between performance on the RACI and course performance measures, and (4) internal consistency reliability measures of the instrument and categories. The paper ends with a discussion of plans for ongoing and future work.
Summary of Exploratory Work
The primary objective of the exploratory study was to identify and categorize student misconceptions that may impede student learning of engineering concepts related to water flow processes 5 . The context of the study was an urban hydrology unit that is part of a sophomore civil and environmental engineering course. Several existing concept inventories were considered for their suitability as assessment instruments [6] [7] [8] [9] ; however, they were found to be too context-specific for the purposes of the exploratory study. Original survey instruments were developed to assess student understanding of two fundamental engineering conceptual frameworks: first order calculus and water flow. Multiple types of student understanding were considered in the survey questions, including equation based, graphical, mental models and descriptive. Additional research methods included video and audio recordings of student groups completing activities designed to assess understanding of two particular flow processes, namely groundwater flow and water flows on a green roof. Results from these efforts suggested the Page 26.515.3
existence of persistent misconceptions among the students, specifically misconceptions of rate and accumulation processes.
Development of the Rate and Accumulation Concept Inventory
Work began on the development of a new assessment tool that would more accurately assess both the mathematical and scientific conceptual frameworks that underlie students' understanding of rate and accumulation processes. The work of Hestenes et al. on the Force Concept Inventory 10 established many of the protocols for concept inventory development, which have since been further established by many authors [11] [12] [13] [14] [15] . The following steps suggested by Richardson (2005) 11 provided a basis for the development stages of the RACI:
1. Determine the concepts to be included in the inventory. 2. Study and articulate the student learning process for those concepts. 3. Construct a beta version of the inventory with several open-ended questions for each concept. Design multiple-choice answers based on common student misconceptions. 4. Administer the beta version of the inventory to as many students as possible and perform statistical analyses to establish validity, reliability and fairness. 5. Revise the inventory to improve readability, validity, reliability, and fairness.
Steps 1-4 are reflected in the results reported in this paper, while iterations of Steps 3-5 are planned for future stages of this research. The concepts to be included in the RACI were identified using the exploratory study results and observations of student learning. Three categories of concepts were included in the inventory: (1) first order calculus, (2) mass flow, in particular water flow, and (3) heat transfer. Ten sets of questions related to unique prompts were included with thirty individual questions in total. Two calculus concept questions were based on problems from an introductory textbook 16 . These questions were developed to assess students' ability to interpret a phenomenon and its associated graphical representation. A third calculus question was based on research that investigates students' covariational reasoning abilities 17 . The format of this problem was left as an open-ended question since our previous efforts had not investigated concepts related to covariational reasoning. The mass flow category included original inventory items developed in this study over a number of iterations with several engineering instructors and graduate students. These questions stem from the exploratory work that demonstrated student difficulty in distinguishing between factors that affect the rate at which water flows through a system and the total amount of water that flowed over a period of time. The heat transfer inventory items were taken directly from a rate and accumulation processes subsection of the Heat and Energy Concept Inventory (HECI), developed by Prince et al. with the author's permission 18 . One of these question sets (Q10) was designed to be a mass transfer analog to the heat transfer questions. For our analysis purposes, this question set remained a part of the third category of questions, i.e., the heat transfer or "HECI" questions.
The formats for questions were either multiple choice or open-ended. The open-ended questions allowed for the collection of a range of student reasoning responses for each question. Incorrect responses were initially categorized by multiple graders according to the type of misconception suggested in the students' work. These categories were then combined into a single rubric for the grading of each question. In the subsequent version of the RACI, these Page 26.515.4
categories of misconceptions will be developed into multiple-choice responses known as distractors to capture patterns of incorrect conceptual reasoning.
The version of the RACI used in this study is included in Appendix A. Table 1 summarizes the point values of each question set. At the end of each set for calculus and mass flow categories, and after every question in the HECI category, students were asked to assess their level of confidence in answering the questions. This allowed for a greater understanding as to how students were interpreting the inventory questions. The confidence rating scores are considered separately from the point values for each question set. 
Q2
Walking paths 6
Bottle fill 2
Mass Flow

Q4
Hydrostatic equilibrium 2 
Q5
Bathtubs draining 2
Q6
Planter boxes 6
Q7
Graduated cylinders 2
HECI
Administration
The instrument was administered in the Spring 2014 semester in a sophomore civil and environmental engineering class of 78 students (57 civil engineers, 15 environmental engineers, 4 other). The average GPA at the beginning of course instruction was 3.05. The RACI was administered during the first week of classes (referred to as "Survey 1" in the Results section) and again during the final week of classes (referred to as "Survey 2" in the Results section) to Page 26.515.5 assess the students' conceptual understanding at the beginning and end of a course that included extensive content related to mass transfer and energy transfer principles. The instrument was administered during normal class periods to all students enrolled in the course. Full assessment results were collected for 75 students.
Several specific pieces of student learning were tracked throughout the semester to evaluate the progression of student learning. These included questions on bi-weekly quizzes which were designed to assess student understanding of rate and accumulation processes within the context of new course material, such as population growth models and resource extraction models. Interviews were also conducted after the initial administration of the RACI to further assess student responses, in particular the open ended responses. The interviews were semistructured, 20 minute interviews held within a week of the students' completion of the inventory. The option to participate as an interview subject was open to all students in the course. Twelve interviews were completed, each of which provided valuable feedback in the development of the rubrics used to code open ended responses. Table 2 summarizes results for each concept category developed for the RACI and the total score for the instrument. The combined results for the calculus and mass flow categories were also analyzed, as these questions had not been tested for their reliability or validity. Student performance on the RACI increased modestly from 56% to 59% after instruction. Statistically significant improvements are found in Survey 2 for the entire instrument as well as in each category other than the HECI category. Scores for the calculus question sets are summarized in Table 3 . While Survey 2 scores improved for each question set, no improvements were statistically significant other than Q1 at the p<0.1 level. Similar results are found for the mass flow question sets and are summarized in Table 4 . Significant improvement was seen in the hydrostatic equilibrium question (Q4) despite the fact that this concept was not directly covered in any course material. All other questions in this category have modest improvements, including Q6 which is statistically significant at the 0.1 level. Within the mass flow category, question sets Q5 and Q7 were designed to be analogous questions to assess student understanding of the physical factors affecting water flow. Tables 5 and 6 include matrices that depict how students answered both questions, which highlight whether or not common misconceptions can be assessed in these questions. Only 28% of students correctly answered both questions on Survey 1, and even less (23%) on Survey 2 (highlighted in yellow in Tables 5 and 6 ).
Results
Pre-and Post-Instruction RACI Scores
Two interesting patterns of responses emerged from the results: (1) students choosing "A" for both questions, i.e., the flow rate in one set up is greater than the other (incorrect for Page 26.515.7 Q5a); and (2) students choosing "C" for both questions, i.e., that the flow rates are equal in both the bathtub and graduated cylinder systems (incorrect for Q7a). Surprisingly, both of these categories of incomplete conceptual understanding increased on Survey 2. Students who answered "A" for both questions may believe that total water volume drives water flow rates rather than pressure due to the height of the water. Of the students in this response category (highlighted in orange in Tables 5 and 6 ), 9 out of 11 in Survey 1 (82%) and 14 out of 21 in Survey 2 (67%) had answers to 5b that suggested this misconception (e.g., "depends on the area" or "depends on the volume of water"). Likewise, students who answered "C" for both may believe that water flow rate in the given systems is determined only by a singular physical constraint, such as the size of outlet drains. Of the students in this category (highlighted in green in Tables 5 and 6 ), 10 out of 12 in Survey 1 (83%) and 11 out of 18 in Survey 2 (61%) had answers to 7a that suggested this misconception (e.g., "the structures are identical"). Table 7 summarizes results for the rate and accumulation questions taken from the HECI. There are minor improvements for the mean score of each question set, none of which were found to be statistically significant. Although course instruction included a brief discussion of Page 26.515.8 energy transfer principles, these results suggest that the instruction did not sufficiently address the students' misconceptions related to heat transfer. 
Confidence Scores
Confidence scores were included in the inventory for several reasons. If any question received a large number of "Total guess" ratings, it could be considered too difficult or confusing for students to answer. In both Survey 1 and Survey 2 results, the majority of questions received either one or zero guesses among all student responses. The questions with the most guesses included Q5a (7 guesses on Survey 1 and 3 guesses on Survey 2) and Q7a (5 guesses on Survey 1 and 5 on Survey 2). This level of guessing was not deemed to be so large as to skew the analysis of the results or to consider the removal of a question from the analysis.
While assessing the student confidence ratings, it was noted that there were some distinctions between the ratings among the female and male students. Table 8 includes a breakdown of the confidence ratings for female and male students for each concept category, as well as their mean category score. Most ratings for all questions on both Survey 1 and Survey 2 fall in the "low" to "moderate" range. There are several instances of statistically significant gains in confidence ratings and improvements in mean category scores, particularly among the male students. For all categories in both Survey 1 and Survey 2, male students had higher mean scores and higher confidence ratings than the female students.
Correlations for individual question sets and confidence ratings were calculated, though no significant correlations were discovered. Correlative analysis was also performed on category scores and average category confidence ratings, as well as the on the total inventory score and average confidence score for all questions (based on a 0-3 point scale). Results from these findings are summarized in Table 9 . While most correlations are weak, some patterns do emerge. For instance, most results for female students, particularly on Survey 2, indicate a positive relationship between confidence levels and mean scores, whereas most results indicate negative, albeit weak, relationships between confidence levels and mean scores for male students. a. Indicates one tailed t-test showed significant improvement at the p<0.10 level. b. Indicates one tailed t-test showed significant improvement at the p<0.05 level. c. Indicates one tailed t-test showed significant improvement at the p<0.01 level. Notes: 0-3 point scale for confidence (0= Total guess, 1 = Low, 2= Moderate, 3= High); * denotes 0-5 point scale rating values (0= Total guess, 1= Low, 2= Low-Moderate, 3= Moderate, 4= Moderate-High, 5= High) that were converted to a 0-3 point scale 
Comparison of RACI Scores and Course Performance
Possible uses of the RACI would be to administer it as either a formative assessment tool, which would provide feedback to an instructor on how to best design course instruction, or as a summative assessment tool, which would serve as an evaluation of student learning following course instruction. Several factors were considered to analyze its suitability for these purposes, including students' initial GPAs and final course grades. Table 10 summarizes the relationships between students' GPAs (before course instruction), their final course grade, the mean category and total inventory scores for Survey 1 and Survey 2, and a total score for student learning items tracked throughout the course (this includes rate and accumulation questions from six quizzes and two recitation activities). No negative relationships were discovered between any of the variables. The strongest relationship is found between the total mean scores for Survey 1 and Survey 2, which suggests that individual students' pre-and post-test scores are consistent among the overall population trends.
Initial GPA is most strongly related to the final course grade, and it is moderately linked to performance on Survey 1 and Survey 2. This suggests the RACI may not be suitable as a reliable formative assessment tool for course performance in the course used in this study. An increase in the strength of the relationship between final course grade and total inventory score between Survey 1 and Survey 2 suggests that there is improvement in the level of understanding on Survey 2 among students that performed well in the class. However, this level of increase does not suggest its suitability as a summative assessment tool for course performance. The moderate relationship between course grade and total Survey 2 score also hints at the possibility that high student performance in this course is not associated with an increased conceptual understanding of rate and accumulation processes. 
Reliability Measures
Internal consistency reliability was determined for the entire instrument as well as various categories using the Cronbach's Alpha on post-course assessment. Reliability results are summarized in Table 11 . The reliability for the entire instrument is 0.77, with category scores ranging from 0.64 to 0.76. Deleting individual questions within question sets had little significance in changing the overall value of the total Cronbach's Alpha, regardless of the question. The greatest increase from an individual question was 0.02, which was noted in questions within Q1a, Q4b, Q5a, and Q7b. This small difference was considered insignificant in the overall impact of the reliability of the instrument. Table 12 summarizes the Cronbach's Alpha for the entire instrument when entire question sets are removed. Removing set Q2, Q6 or Q8 each increased Cronbach's alpha to 0.80 or above. Q6 had the greatest degree on increase, to 0.84. This large increase suggests that Q6 could be removed or altered in future iterations of the RACI to produce a more reliable instrument.
Summary and Ongoing Work
This paper discusses efforts that have been made to assess student misconceptions that may impede learning of applied engineering concepts related to rate and accumulation processes. The Rate and Accumulation Concept Inventory (RACI) was designed to assess conceptual understanding of fundamental concepts related to these processes. Results from a pilot test suggest that the overall instrument and subcategories within the RACI provide reasonably reliable measures for sophomore engineering students' conceptual understanding of rate and accumulation processes.
Page 26.515.12 Development of this instrument is an on-going and iterative process that will continue to go through several additional versions to further establish reliability and validity. The results of this study have led to the refinement of several questions as well as the development of multiple choice questions to take the place of open ended questions. Supplementary questions have also been added to certain subcategories. For instance, an updated version of the RACI includes questions from Precalculus Concept Assessment instrument that are classified as rate and accumulation questions 19 . These questions will provide further insight into students' conceptual understanding of calculus principles. Current research methods also include a measure of students' procedural knowledge, i.e., their ability to recall problem solving procedures and strategies 20 . A first order calculus assessment tool was developed to provide a measure of students' procedural knowledge, which will be compared with their conceptual knowledge as measured by the calculus subcategory of the RACI. It is hypothesized that both knowledge types will affect students' knowledge transfer, or their ability to extend an understanding of calculus principles beyond the contextual setting of calculus coursework 21 .
The conclusions drawn from this study have certain limitations that should be acknowledged. The sample of students is from a single class in a single institution. Thus, many of these findings may be unique to this particular population of students. As rate and accumulation processes represent a fundamental conceptual framework that spans many engineering disciplines, the RACI is not inherently a discipline specific concept inventory. Future iterations of this study will seek to include larger samples of engineering students in Page 26.515.13
various institutions and disciplines. Additionally, there are several other factors that shape a student's conceptual understanding that were not captured within this study. These results of this research have revealed additional questions and variables to consider in future work. 
A reservoir is
